Using an ultra-low temperature, high magnetic field scanning probe microscope, we have measured electric potentials of a deeply buried two dimensional electron gas (2DEG). Relying on the capacitive coupling between the 2DEG and a resonant tip/cantilever structure, we can extract electrostatic potential information of the 2DEG from the dynamics of the oscillator. We present measurements using a quartz tuning fork oscillator and a 2DEG with a cleaved edge overgrowth structure. The sensitivity of the quartz tuning fork as force sensor is demonstrated by observation of Shubnikov de Haas oscillations at a large tip-2DEG separation distance of more than 500 nm. a) hedbergj@physics.mcgill.ca 1 arXiv:1008.2946v1 [cond-mat.mes-hall]
(2DEG). Relying on the capacitive coupling between the 2DEG and a resonant tip/cantilever structure, we can extract electrostatic potential information of the 2DEG from the dynamics of the oscillator. We present measurements using a quartz tuning fork oscillator and a 2DEG with a cleaved edge overgrowth structure. The sensitivity of the quartz tuning fork as force sensor is demonstrated by observation of Shubnikov de Haas oscillations at a large tip-2DEG separation distance of more than 500 nm. The simultaneous use of local probes and charge transport measurements offers exciting possibilities for exploring condensed matter systems. Traditionally, measuring the states of charge carriers in semiconductors involves creating electrical contacts to the structures which are fixed in position and must make physical and ohmic contact with the sample. Employing non-invasive scanning probe techniques in the study of electron transport phenomena has revealed information correlating spatial position with physical states. Several techniques exist that accomplish this: subsurface charge accumulation, 1,2 the related technique of scanning capacitance microscopy, 3 ac 4,5 and dc 6 electrostatic force microscopy (EFM), and scanning electrometers using single electron transistors 7 . Previous approaches combining scanned probes and a two dimensional electron gas (2DEG) focused on systems where the 2DEG was located close to the surface, usually residing at depths less than 100 nm from the surface. This work describes the development of ac-EFM as applied to a physical system where the 2DEG is buried much deeper, ∼ 500 nm below the surface. Deeply buried 2DEGs are less susceptible to scattering related mobility degradation, and are therefore more likely to exhibit exotic, high-mobility physics (Luttinger liquid behavior, fractional charges, Wigner
Crystalization, e.g.) than shallower structures.
Our instrument consists of a homebuilt scanning probe microscope (SPM) mounted on the mixing chamber of a dilution refrigerator, capable of operation between 300 K and 300 mK.
The microscope is housed within the bore of a superconducting magnet with a maximum field of 16 T. As a force sensor, we employ a piezoelectric quartz tuning fork (TF) in the Qplus configuration. 8 
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The sample is a GaAs quantum well with a cleaved edge overgrowth structure 11 . After the initial growth steps, the sample was cleaved, and a tunneling barrier and subsequent edge electrode were epitaxially grown on the resulting cleaved face. Measurements of the resistance of the tunneling barrier, R tun , via the edge electrode can be used to characterize the edge states in exotic quantum hall systems with minimal intrusion. [12] [13] [14] Whereas previous studies involving buried 2DEGs and SPMs used relatively shallow electron gasses, [1] [2] [3] [4] [5] [6] [7] 15, 16 the 2DEG in this sample is located 520 nm from the surface (See Figure 1a for the relevant sample geometries). Indium contacts were diffused through the surface to create ohmic contact to the quantum well, thereby allowing for standard transport measurements as well.
To map the potential landscape of the buried 2DEG, an ac potential, V exc ac , was applied to the 2DEG at the resonance frequency, f 0 , of the TF. Due to the capacitive coupling between the tip and the plane of the 2DEG, C, the electrostatic force on the TF is given by 5 :
where z is the tip-sample separation, V ac is the local potential difference between the tip and sample at f = f 0 , V dc is the local dc static potential, and V CPD is the contact potential difference (CPD) arising from variations in the work function of the tip and sample materials.
Expanding the potential term, and keeping only the terms that contribute to TF motion at f 0 , we obtain for the excitation force:
Since, in the small amplitude limit, the deflection of the cantilever varies directly as the force, the oscillation amplitude can be used as a measure of the local potential, V ac , provided there is little or no change in the tip-sample capacitance as a function of V. (Although the capacitance of a semi-conductor can be influenced by the tip-sample bias, we have seen no evidence of this effect in the current system, most likely a result of the large distance separating the tip and the 2DEG which reduces the charge accumulation and depletion effects of electrostatic fields associated with the tip.) Therefore, keeping dC/dz, V dc , and
V CPD constant, all other changes in the TF oscillation amplitude can be attributed to the deviations in the local potential.
Normalization measurements were performed in which a uniform potential was applied to the entire sample, thus removing any contribution from the dC/dz term as the probe approaches the edge. Also, measurements of the CPD showed no appreciable change as a function of location in the y direction (See Fig. 1a for sample axes). To record the dynamics of the TF, the current generated by its oscillatory motion was amplified with a custom I-V converter at room temperature, and fed to a Nanonis phase locked loop (PLL) which tracked the resonant frequency. Control of the scanning operation was handled by the GXSM software package in combination with the SignalRanger DSP card. 17 ( Fig. 1c) Exciting the cantilever via the described method, and monitoring the oscillation amplitude as the tip was scanned in a typical raster pattern towards the edge results in a 2D map of the potential. Since the resonant frequency, f 0 , of the TF will also shift due to surface topography, we used the PLL to keep the excitation frequency, f exc , matched to the changing engaged. This permits electrostatic force gradient microscopy of the edge. 10 Here, contrast from the topography remains visible and a plateau of constant frequency indicates the tip has moved past the edge, where d 2 C/dz 2 is constant. These measurements are important as they confirm the location of the physical edge.
Eliminating the external mechanical excitation and exciting the TF solely via an ac potential on the 2DEG, we also recorded the TF oscillation amplitude as it varies with In conclusion, we have demonstrated the ability to electro-mechanically couple a deeply buried 2DEG with a scannable tuning fork force sensor, at low temperatures and in high magnetic fields. This can allow for the extraction of electric potential information without introducing physically contacted electrodes. The high-sensitivity of the TF force sensor shows promise for the application of this technique to other physically interesting systems, where the region of interest is far from the probe, or in general when signals are small and close to noise limits.
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